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A Study on Performance Improvements of HTS Coil
Mitsugi Yamaguchi, Atsushi Honma, Shinichi Ishiguri, Satoshi Fukui, Itsuya Muta, and Takatsune Nakamura
Abstract—It is of great concern for magnet designers to address
their critical currents at a given field and bore size. In the case of
high temperature superconducting magnets wound with BSCCO
Ag-sheathed tapes, they have a strong magnetic anisotropy and
therefore the critical current of magnets defined by an average
voltage drop over an entire coil cannot be easily determined like
low temperature superconducting magnets. An analytical way to
obtain the critical current of HTS magnets is described by means
of the electric and magnetic field analyzes based on the measured
data of BSCCO Ag-sheathed tapes. A performance improvement
of HTS magnet is studied by pursuing an optimum coil cross sec-
tion.
Index Terms—Ag-sheathed Bi-2223 tape, critical current, flux
density, magnetic anisotropy.
I. INTRODUCTION
MORE applications of high temperature superconducting(HTS) magnets are expected from the point of view of
attractive technical potentialities in accordance with the perfor-
mance improvement of Bi-HTS tapes. It seems likely that the
feasible applications in near future will be to MRI, NMR, en-
ergy storage device, reactor type fault current limiter [1], mag-
netic separator, etc.
The critical current of the Bi-HTS tape is governed by cooling
temperature, magnetic field and its angle to Bi-HTS tape. There-
fore, the exact coil performance cannot be easily evaluated at the
coil design stage unless the above factors, in particular field in-
clination is taken into account over the coil cross section.
The cause of deterioration of coil critical current is due
mainly to the perpendicular component of magnetic flux
against HTS tapes. Attaching an iron, an iron yoke, employing
side coils, etc. can achieve the alleviation of this problem
[2]–[5]. However, it is more pertinent to manage radial flux
reduction first of all by the coil itself. The auxiliary devices
will be attached after this, if necessary.
A study on coil optimization of a rectangular cross section
providing less volume was made by removing the large electric
field portion, thus producing a stepped cross-section. For this
purpose, fitting equations concerning the critical current and
value of Bi-HTS tapes were derived from the short sample test
data. The critical current characteristic of the rectangular cross
section coil was measured and compared with analyzes based
on fitting equations, providing a relatively good agreement.
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Fig. 1. Critical current characteristics of Bi-2223/Ag tape.
Fig. 2. N value characteristics of Bi-2223/Ag tape.
The coil size optimization was achieved by both the field ana-
lyzes of the coil and the fitted characteristic equations of Bi-HTS
tapes. As a result, the critical current of the optimized coil was
improved by about 16.5% and the stored energy per unit volume
by about 22.5%.
II. FITTING EQUATIONS OF Bi-2223/Ag TAPE
The magnetic anisotropic characteristics of Bi-2223/Ag tape
at the field of 0.5 T to 2.0 T were measured at liquid nitrogen
temperature of 77 K as a function of magnetic flux angle of 0 to
70 degrees to a tape. HTS tapes have 55 filaments and the silver
ratio of 2.8. The width and the thickness of the tape are 3.20
mm and 0.21 mm respectively. The measured characteristics of
tapes, namely the critical current and value are indicated in
Figs. 1 and 2.
The current carrying characteristics of Bi-2223/Ag tapes is
expressed by,
(1)
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where, corresponds to the flux flow voltage at the current
of . A critical current and an value are derived from
the measured current voltage characteristics of the Bi-2223/Ag
tape. Hereafter, is defined by 0.5 V/cm.
The fitting equations of and value at the temperature of
77 K are obtained from the above test results as a function of





III. MINIMUM COIL VOLUME
It is well known that the central field of a solenoid coil is
given by the next equation using Fabry Factor .
(6)
where, is a current density of conductors and a packing factor
of conductors in the coil winding. , and are repre-




where , and are inner radius, outer radius and a half-
length of a coil, respectively. The volume of a coil is expressed
by the following equation and therefore the coil configuration
providing the minimum coil volume can be obtained on the con-
dition of a given constant Fabry Factor , namely a con-
stant central field.
(10)
where, is described by,
(11)
and and are related by the following equation.
(12)
Thus, the minimum coil volume can be obtained by the above
equations for a given .
Usually, an operation current of low temperature supercon-
ducting (LTS) magnets has an appropriate margin against the
Fig. 3. Field angle distribution inside the HTS coil.
Fig. 4. Electric field distribution at the coil edge (i = I ).
critical current of short sample test. This determination process
is mainly governed by the maximum field of a coil at the opera-
tion. On the other hand in the case of an HTS magnet, the high
electric field appears at the middle portion of a coil edge, not
at the coil bore due to the magnetic anisotropy. Accordingly,
the critical current of a magnet is calculated on the basis of
the average voltage drop per unit length in many cases, namely
V/cm over the entire coil. Therefore, it is conceivable that
the performance of magnets will be able to be improved by re-
moving high electric field portions from the original rectangular
cross section of a coil.
In order to define the critical current of a coil based on the
average electrical field, the electrical field distribution charac-
teristics need to be first addressed as a function of flowing cur-
rents at the coil cross section. This one can be calculated with
the aid of fitting equations described above together with mag-
netic field analyzes of the coil.
Fig. 3 illustrates the calculated result of the distribution of
magnetic field angle in the case of a minimum volume coil
described later. This pattern of course differs more or less de-
pending on the exact coil size and coil aspect ratio. It is evident
from this flux angle distribution that magnetic fluxes intersect
HTS tapes with sharper angles as they approach to the coil edge,
though the magnetic field in general decreases. It is worthy of
noting that the electrical field is governed by not only the flux
angle but also the magnetic field and thus a high electrical field
portion appears at the coil edge as shown in Fig. 4. The calcu-
lated result of current voltage characteristics of this coil is shown
in Fig. 6, as described later.
IV. EVALUATION OF HTS COIL PERFORMANCE
The effectiveness of a simulation method was confirmed by
a model coil sketched in Fig. 5. Major dimensions of the model
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Fig. 5. Test device of HTS coil.
TABLE I
SPECIFICATION OF HTS COIL
coil were determined in accordance with the idea of the min-
imum coil volume discussed in III. A coil with a bore of 50 mm
and a height of 100 mm is composed of 15 double pancakes and
total turns of 7365 are wound with aforementioned Bi-2223/Ag
tapes. The specification of the model coil is listed in Table I.
The refrigerator keeps the radiation shield at 77 K and can cool
the magnet down to 10 K. The coil temperature is controlled
with the aid of a heater. Thermally good conducting plates are
inserted in the magnet in order to make the temperature gra-
dient as small as possible. The current is supplied to the magnet
through the power lead made of HTS bulk material.
The measured critical current and value of the coil are 6.7 A
and 9.6 respectively at the temperature of 77 K. The distribution
of the flux angle was calculated and the flux density was ana-
lyzed over the magnet cross section at the coil critical current of
6.7 A. The maximum radial field of 0.16 T appears at the middle
of the coil edge, while the maximum axial field of 0.45 T at the
center of the bore. The current voltage characteristics of HTS
coil were analyzed by using (1)–(5) described above. Fig. 6
shows analyzed results of the current voltage characteristics of
the HTS coil together with the test result. The difference be-
tween the measured critical current and the analysis is 0.45 A.
It seems likely that this simulation is reasonable since a possible
performance degradation due to the winding of Bi-2223/Ag tape
and an inevitable nonuniformity of BSCCO Ag-sheathed tape
properties with length are not taken into account.
Fig. 6. Current voltage characteristics of HTS coil.
Fig. 7. Optimized coil cross section.
Fig. 8. Current voltage characteristics of optimized coil.
V. OPTIMIZATION OF COIL CROSS SECTION
The high electric field portions appear at the central portion
of the coil edge due to the sharply curved magnetic flux lines.
Therefore, the removal of HTS tapes at high electric field por-
tions decreases the averaged electric field of the coil. Thus, the
original coil configuration with the rectangular cross section is
optimized by removing HTS tapes at the region of electric field
higher than 0.5 V/cm, as depicted in Fig. 7.
In this new optimized coil, about 16% of cross section was
taken out, producing the stepped shape at the coil edge. Fig. 8 in-
dicates the current voltage characteristics of the optimized coil.
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Fig. 9. Field distribution of optimized coil (i = I ).
TABLE II
COMPARISON OF COIL PERFORMANCES
The critical current of the new coil is increased by 16.5% from
7.15 A to 8.33 A by means of the above optimization process.
Fig. 9 displays the electric field distribution of the optimized
coil at the critical current.
VI. PERFORMANCE COMPARISON OF EACH COIL
Table II compares the optimized coil with the original rect-
angular cross section coil. The critical current became 16.5%
larger notwithstanding that 16.3% of BSCCO Ag-sheathed
tapes were not in use and the central field also increased. The
new configuration coil can store the energy of 75.1 J, about
2.6% larger than the original one.
It is worthwhile to note that the stored energy per unit winding
volume of the optimized coil is about 22% larger than the rect-
angular shape coil, while the flux flow loss is almost the same.
These performance improvements were achieved by the first
step optimization. It is conceivable that HTS coil performance
will be improved further, though it might not be so conspicuous
as the first one, if the similar optimization process is proceeded.
VII. CONCLUSIONS
BSCCO Ag-sheathed tapes have strong magnetic anisotropic
properties and accordingly generate a high electric field region
at the coil edge portion. The coil optimization, which will
produce a larger critical current, is made by removing the high
electric field portion from a rectangular cross section coil based
on measured magnetic anisotropic data of Bi/Ag-sheathed
tape. The optimized coil can store the more energy with fewer
amounts of superconducting materials.
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